Composite propeller shafts for a vehicle have major advantages such as reduction of vibration, noise, and weight. A propeller shaft was designed with a carbon/ epoxy composite material using the finite element method (FEM), and prototype shafts for tests were manufactured by the filament winding manufacturing process. In order to verify the design procedure by FEM, two kinds of experimental tests were carried out using a FFT analyzer with impact hammers and a critical speed measuring apparatus for measurement of natural frequencies and critical speeds. The difference between the FEM analysis result and the test result was less than 2.0%, showing FEM analysis results to be acceptable. The parametric study was focused on determining the factor affecting the vibration and strength characteristics of the propeller shaft based on FEM. In investigation of the change in natural frequency without an increase in propeller shaft weight, it was found that the winding angle is the most significant factor affecting the vibration and strength characteristics.
INTRODUCTION
Commercialization of composite propeller shafts is not easy since they cost more and need more time to ' Author to whom correspondence should be addressed. In the present study, a design for an effective composite propeller shaft was proposed through the finite element method (FEM). In order to evaluate the validity of this design method, a prototype propeller shaft was manufactured, and it underwent tests measuring natural frequency using a FFT analyzer with impact hammer and a critical speed measuring apparatus. Further, the criteria for an effective design of propeller shafts were set by investigating the shaft characteristics according to the factors affecting the vibration and strength characteristics of propeller shafts, i.e., changes in the winding angle, thickness, diameter, and length.
COMPOSITE PROPELLER SHAFT DESIGN

Composite propeller shaft characteristics
A drive shaft is a machine component that transfers the power generated in the engine of a rear-wheel drive vehicle to the rear wheel shaft. It can be defined as the l-2m torque transmitting shaft located between the transmission and differential gear box. Since it has to adapt structurally to the changing length when the shaft moves up and down, it is composed of a spline and at least two universal joints /14/. The factors including bending, tensile, compression and torsional moment have a comprehensive effect on the drive shaft.
Especially, those fast rotating drive shafts have to have excellent capability to influence fatigue characteristics of torsional moment and decrease in vibration.
Moreover, the dynamic characteristics change according to deflection, weight and mechanical properties, and especially the deflection due to weight causes excess vibration during rotation. Therefore, a cross section configuration of a propeller shaft typically is a tube form, taking into consideration many factors affecting the dynamic characteristics. The drive shaft used in the present study was conducted from a 4-wheel drive compact van produced in Korea, and the shaft dimensions and requirements are shown in Table 1 . The basic criteria of a shaft are the strength and stiffness that can withstand all affecting loads and safety for fast rotating speed. To avoid all vibration or noise due to whirling that may be developed while running, the critical speed should be set higher than the operating range of the propeller shaft. Therefore, the critical speed needs to be about 103 rps, which is 125% of the maximum rotating speed of the propeller shaft, 82 rps.
Vibration Characteristics of Carbon/Epoxy Propeller Shafts
Before the actual shaft design, we calculated the shaft diameter and length, and winding angle was determined in considering the critical speeds as shown in equation where N cril is the critical speed, D," is the tube diameter, / is the tube length, E xx is the axial directional equivalent elastic modulus, T a " mr is the allowable torque, and x y , is the yield torsional strength.
Design using FEM
The coordinate system and winding pattern used in the FEM analysis are shown in Fig. 1 
TEST
The present test was conducted to confirm the validity of the composite propeller shaft design using FEM. The propeller shaft was manufactured by using the filament winding method with the design results shown in Table 3 . Firstly natural frequencies were measured at stationary state, and critical speeds were measured while the propeller shaft was running. 
Measurement of critical speed
The present testing apparatus measured the critical speeds of the rotating shaft using the whirling phenomenon. The usual rotation range of typical vehicle propeller shafts is 0 ~ 6000 rpm. Considering the safety factor in the present study, the operational maximum rotation speed for the apparatus was set within 125% of the maximum critical speed. Since the first natural frequency of the propeller shaft was 114.7 Hz according to the result of FEM analysis, the testing apparatus for measuring the critical rotation speed should be able to rotate the propeller shaft at least more than 114.7 Hz (6882 rpm). As shown in Fig. 5 , the testing apparatus was equipped with the rotating part, rotating speed control part, and measuring sensors and data acquisition system. To rotate the propeller shaft for more than the first natural frequency of the propeller shaft, the speed ratio between 3 phase variable speed induction motor with 7.5 kW (10 horsepower) capacity and pulley of the rotating part was 1 : 6, and the rotating part was composed of a timing belt for slippage prevention and 3 bearings for alignment of the shaft. Therefore the alternating motor could rotate up to 1800 rpm, and the rotation speed up to 10800 rpm at the rotating part could be obtained using the speed increase pulley. The rotating speed control part controls the motor rotational speed. In test measured data were the rotational speed of the shaft and strains occurring at whirling. These data were sent to the data acquisition unit. For the measurement of rotating speed, an encoder was set up to obtain 5 pulses per one rotation, these data were converted through a pulse-volt converter and amplifier, and were finally displayed on physical graphs to monitor the data in real time. The strains were measured with strain gauges attached to the middle part of the shaft, where the excessive strains occurred at whirling. The strain gauge model was CEA-06-125UW-350 of MM Co. The connection between the measurement system and strain gauges on the rotating shaft was achieved with a slip ring. The strain measurement system was AI 1600 of CAS Co. The testing system is shown in Fig. 7 .
As to the testing method, the rotating speed was increased gradually for more than the first critical speed of the shaft while observing the propeller shaft vibration. When the rotation speed was increased, excessive vibration was generated at 117 Hz. From these results, it was confirmed that the critical speed was 117 Hz. Since the accuracy of FEM analysis was confirmed as discussed in the previous section, the effect of changes in thickness, diameter and winding angle can be examined through parametric studies using FEM in consideration of the natural frequency and strength characteristics.
RESULTS AND DISCUSSION
Comparison of the FEM analysis results and test results
In order to determine the effect of thickness and winding angle initially, the natural frequency and strength characteristics were analyzed with the inner tube diameter set at 70 mm, the winding angle was increased in increments of 5° from ±30° to ±50° and the tube thickness was increased in increments of 2 layers (0.75 mm) from 8 layers to 14 layers (3.0 ~ 5.25 mm).
The analysis results in Fig. 10 show that the first natural frequency increased in a large increment with smaller winding angle, and that the thickness did not affect the natural frequency significantly. From these results, it is noted that the most significant influenced factor for the first natural frequency is the winding angle rather than the tube thickness. To examine the effect of diameter and thickness, the winding angle was set at ±35°, and tube diameter and natural frequency were changed. Fig. 12 shows the analysis results. With increasing thickness and diameter, an increase in natural frequency was found. Diameter change rather than thickness change had a more significant effect on natural frequency. When the diameter was 70 mm, the thickness changed from 8 to 14 layers thickness. However, since the change in natural frequency was relatively small compared to weight increase due to thickness increase, it can be stated that controlling natural frequency with thickness change would be ineffective. However, the effect due to diameter was more significant than that due to thickness.
When maximum torque was applied to the shaft, the safety factor was investigated due to changes in tube thickness and winding angle with the inner diameter set at 70 mm. Regardless of the shaft length, it is noted that
CONCLUSIONS
The vibration and strength characteristics of a vehicle carbon/epoxy composite propeller shaft, which has higher specific stiffness and strength than a carbon steel shaft, was studied, and the following results were obtained.
• To confirm the validity of the design method in the present study, the predicted value using FEM for the first natural frequency was compared with the measured values using the FFT analyzer and the critical speed test apparatus. The result showed that the error of the predicted value was 3.7% for the FFT analyzer and 2.0% for the critical speed test apparatus, respectively, confirming the validity of the analysis.
• Through parametric studies using FEM, factors affecting the natural frequency and strength of the composite propeller shaft were investigated.
• Among various factors such as the filament winding angle, diameter, thickness and length, it was found that the filament winding angle was the most significant factor affecting the change in natural frequency.
